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Heat shock proteins (HSPs) have gained prominence in 
aging research and are thought to be of importance for 
both longevity and overall maintenance of proteome 
integrity with advancing age. The most compelling 
evidence so far has been collected from invertebrate 
models, in which it was found that longevity and 
thermotolerance were joint effects of certain mutations 
[1, 2], and that brief exposure to mild heat stress at a 
young age increased both HSP expression and 
organismic lifespan [3]. These investigations prompted 
studies of specific HSPs and their effects, and it was 
soon discovered, in D. melanogaster, that the hormesis 
effect of mild heat shock on survival was enhanced 
within transgenic strains carrying extra copies of the 
Hsp70 gene [4]. These results served to spark a broader 
interest in HSPs and their possible role in aging 
pathology, and it was soon found that systemic and 
lifelong overexpression of HSP-encoding genes could 
increase lifespan in Drosophila [5 - 8], as well as C. 
elegans [9 - 11]. The relevance of these observations  to  
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Abstract: Heat shock proteins (HSPs) have proven to be effective tools for extending invertebrate lifespan, and in C. 
elegans daf‐2 mutants, longevity resulting from loss of insulin / insulin‐like signals is at least partly dependent upon 
elevated HSP expression. In mice, inhibition of the orthologous growth hormone / insulin‐like growth factor I (GH / IGF‐I) 
pathway has similar pro‐longevity effects. A recent study, however, suggests that loss of GH / IGF‐I signals in long‐lived 
mice does not broadly elevate HSP expression, but in fact decreases HSP expression in many tissue types, such as liver and 
kidney. The contribution of chaperones to the longevity of long‐lived mice with altered GH / IGF‐I signals may therefore 
differ from that described in C. elegans daf‐2 mutants. This result, in combination with other recent findings, underscores 
the possibility that systemic overexpression of chaperones will have dissimilar effects on longevity in vertebrate and
invertebrate systems.   
 
basic aging research was reinforced by the finding that 
loss of insulin / insulin-like signaling (IIS), the most 
robust pro-longevity genetic manipulation currently 
known, partly influenced longevity by modulating HSP 
expression, particularly the low molecular weight small 
HSPs [10, 12, 13]. Most notably, Hsu et al. [12] showed 
that expression of hsp-16.1,  hsp-16.49,  hsp-12.6 and 
sip-1 were all elevated in daf-2 mutant worms, and that 
expression of each HSP was required for the full effect 
of daf-2 on lifespan. Taken together, these observations, 
appeared consistent with a "chaperone overload" theory 
of aging [14], which proposed that HSP activity was 
critical for maintenance of proteostasis, such that 
increased HSP abundance could indeed contribute to 
lengthened lifespan and reduction of age-related disease 
[15].  
 
While efforts to increase invertebrate lifespan by 
augmenting HSP abundance have often been successful, 
it has not been demonstrated that systemic and lifelong 
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However, the overexpression of certain HSPs can 
ameliorate specific types of age-related pathology in 
laboratory rodents, including decline in muscle function 
[16], accumulation of toxic tau aggregates in neural 
tissue [17], development of insulin resistance [18], 
oxidative stress damage [19], and activation of 
inflammatory pathways [20], suggesting that results 
from invertebrate studies can indeed provide a useful 
guide for exploring the involvement of HSPs in 
vertebrate aging, and possibly, longevity. In bridging 
the gap between invertebrate and vertebrate models, the 
regulation of HSP expression by IIS provides a good 
starting point, given that the IIS pathway has effects on 
lifespan and a broad spectrum of age-related diseases 
that are in fact conserved across species [21]. In the C. 
elegans model, loss of IIS increases expression of small 
HSPs [12, 22], as well as HSPs of larger size [23, 24], 
possibly by enhancing binding of both daf-16 (FOXO) 
and HSF to promoter regions of HSP-encoding genes 
[12]. Each of these molecular components has 
orthologous elements in mice, although the mammalian 
system also differs in some key respects. In particular, 
circulating IGF-I levels in mice are linked to GH, such 
that both hormones are considered part of the same GH 
/ IGF-I endocrine axis. Despite this difference, however, 
loss of GH / IGF-I signaling in mice has effects on 
lifespan that parallel loss of IIS in C. elegans and 
Drosophila, as exemplified by a series of long-lived 
dwarf mouse models, including the GH-deficient 
Pit1(dw/dw) ("Snell") and Prop1(df/df) ("Ames") mice, 
the GH-insensitive Ghr(-/-) mice, and the PappA(-/-) 
mouse with localized reductions in IGF-I signaling [25]. 
It is therefore intriguing to ask whether such mutant 
mice, like the C. elegans daf-2 mutants, have elevated 
HSP expression levels, and whether such HSP 
expression patterns contribute to their aging-related 
phenotypes, as well as to their stress resistance 
properties [26]. 
 
Regulation of HSP expression by endocrine signals 
in long-lived mice 
 
The chaperone activity of HSPs is critical for recovery 
from stress and cellular insults, but HSPs have diverse 
functions that are of importance even in the absence of 
an external stress condition, including cellular transport, 
peptide synthesis and modulation of key cell signaling 
pathways [20, 27]. It is hardly surprising, in this sense, 
that systemic mechanisms would have evolved to 
enable precise control of the abundance and distribution 
of HSPs across major organ systems, and that this 
control might be accomplished through a circulating 
neuroendocrine factor. With these expectations in mind, 
and in view of the known effects of IIS on HSP 
expression in C. elegans, Swindell et al. [28] have 
recently examined the effects of the Pit1(dw/dw) and 
Ghr(-/-) mutations on HSP expression patterns in six 
different tissue types in the laboratory mouse (liver, 
kidney, heart, lung, muscle and neocortex). These 
mutations were of interest, since both lead to reduced 
IGF-I levels in circulation, as well as increased lifespan, 
presumably through mechanisms that would parallel 
those associated with the C. elegans daf-2 mutation. 
Surprisingly, however, effects of these mutations on 
gene expression varied among HSP-encoding genes, 
among tissue types, and with little unifying pattern. 
Rather than having widely elevated HSP expression 
levels, long-lived dwarf mice were instead a mosaic of 
both elevated and depressed HSP mRNAs, depending 
upon the tissue examined and the particular HSP target 
evaluated [28]. The specific role of GH / IGF-I in these 
expression patterns was evaluated by comparisons 
between  Pit1(dw/dw) and Ghr(-/-) mutants, and in 
general, it was only the declines of HSP expression 
resulting from Pit1(dw/dw) that were also shared by 
Ghr(-/-), particularly in liver and kidney. Unexpectedly, 
therefore, these results suggested that expression of 
some HSPs was positively related to GH / IGF-I signals, 
and this notion was further supported by the observation 
that a six-week treatment of GH injections increased 
hepatic expression of Hsph1 ( Hsp110),  Hspa5 ( Bip), 
Dnajb11 and Dnajc3 ( p58IPK) in the GH-deficient 
Ames dwarf mouse [28]. The picture that has emerged 
from these studies, therefore, is one of complex HSP 
regulation in vivo, with GH / IGF-I either indirectly or 
directly acting to modulate the expression of at least 
some HSP-encoding genes, but no generalized or 
systemic induction of HSP expression in long-lived 
dwarf mice. 
 
Should we conclude that the C. elegans system provides 
a poor mammalian analogue for investigating the 
contributions of HSPs to age-related pathology, and that 
alterations in HSP expression contribute to increased 
survivorship of daf-2 mutants in a fashion that is 
unparalleled in long-lived dwarf mice? Certainly not. 
Above all else, it is clear that, in mice, broad and 
general conclusions regarding the interaction between 
HSPs and longevity mutations are apt to be hazardous. 
This reflects, in part, the fact that there is considerable 
diversity among HSPs, both in terms of function and 
their regulation, such that only subsets of certain HSPs 
are likely to be co-regulated in vivo. On balance, there 
appears to be a stronger tendency for loss of GH / IGF-I 
signaling to decrease HSP expression in mice, rather 
than to increase it, but some patterns are in line with the 
C. elegans model. For instance, the alpha-crystallin 
HSP  Cryab, which is orthologous to the C. elegans 
Hsp-16 small HSPs [29], is increased by Pit1(dw/dw) in 
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and  Hspb8) were increased by both Pit1(dw/dw) and 
Ghr(-/-) in lung [28]. Another important consideration 
is that, in daf-2 mutants, differences in HSP expression 
between mutant and wild-type worms are amplified by 
an external stress condition [12, 22], suggesting the 
involvement of stress-activated regulatory factors, such 
as heat shock factor (HSF). It is indeed possible that, in 
long-lived dwarf mice, although basal HSP expression 
is generally lower, this is perhaps associated with a 
more robust heat shock response, such that under a 
stress condition, loss of GH / IGF-I signals would serve 
to augment HSP expression [30]. While intriguing, this 
idea has not, so far, been supported by investigations of 
HSP stress-response patterns in fibroblast cells from 
long-lived Pit1(dw/dw) mice [28, 31]. 
 
We can be assured that further work will reveal more 
impressive similarities, and differences, between the 
influence of mouse and C. elegans IIS longevity 
mutations on HSPs, both in terms of HSP function and 
transcriptional regulation. Interestingly, for example, it 
was recently found that mutant C. elegans worms 
lacking the AFD sensory neuron exhibited an altered 
heat shock response in somatic cells, even though such 
cells were not directly innervated by this sensory neuron 
[32]. In worms, therefore, machinery regulating HSP 
expression is partly under neuronal control, and it 
appears that a type of neuroendocrine signal mediates 
between sensory neurons and somatic cells to allow 
control of HSP expression under stress [32]. It will be 
of much interest to determine whether there exists 
parallelism between such, as yet unidentified, 
neuroendocrine signals in C. elegans, and the regulation 
of HSP expression by GH / IGF-I signals in mice. At 
the same time, it will be illuminating to develop and 
clarify a model by which HSP expression is regulated 
by GH / IGF-I signals in mice. For instance, it is 
necessary to understand whether GH / IGF-I signals are 
a direct modulator of HSP expression, and if not, which 
intermediate pathways act as secondary signals. It is 
indeed possible that effects of GH / IGF-I signals on in 
vivo HSP expression are very indirect, and mediated by 
metabolic responses to circulating GH / IGF-I (e.g. 
increased muscle mass, improved insulin sensitivity). It 
will also be important to evaluate whether effects of GH 
/ IGF-I on HSP expression are dependent upon HSF-1, 
although at present, the complex shifts in HSP 
expression documented in GH / IGF-I mutants suggest 
that a single transcription factor will not account for all 
modulation of HSP transcription. Lastly, given that GH 
/ IGF-I signals do modify HSP expression in mice, the 
possibility of complex feedback loops should be 
explored, by which HSP abundance might influence GH 
or IGF-I signals. Along these lines, transgenic mice 
overexpressing Hsp70 exhibit a growth deficit and a 
50% reduction in serum IGF-I levels [33], Hsp60 
augments IGF-I signals by inhibiting degradation of the 
IGF-I receptor in cardiac tissue [34], and in cartilage, 
Hsp90 appears to facilitate IGF-I-induced 
phosphorylation of AKT [35]. 
 
What's next? Can we "chaperone our way" to 
extended lifespan in mice?  
 
Establishing the contribution of HSPs to longevity in 
GH / IGF-I mutant mice, and whether this contribution 
parallels that described in daf-2 worms, will shed light 
on the more general issue of how HSPs might influence 
lifespan and age-related disease in mammalian systems. 
Clearly, HSP overexpression has, in many but not all 
cases, been successful as a pro-longevity manipulation 
in invertebrate models, presumably due to enhanced 
proteostasis with age and/or protection against oxidative 
stress damage [15]. It would, at present, be valuable to 
obtain a comparable success story involving laboratory 
rodents, which would establish that chaperones can be 
used as a pro-longevity therapeutic in mammals. 
Systemic and lifelong HSP overexpression (or elevated 
HSF-1 activity) seems unlikely to be a winning strategy, 
since there is now considerable evidence that this can 
increase mortality in organisms for which cancer figures 
prominently in the disease spectrum [33, 36 - 38]. 
Moreover, if we are to learn from the two manipulations 
most reliably known to increase mouse lifespan, loss of 
GH / IGF-I signals and dietary restriction, we'd walk 
away the notion that, at a systemic level, decreased 
expression of certain HSP-encoding genes (e.g., Hsph1) 
is associated with longevity more so than increased HSP 
expression [28, 39]. In consideration of this, it appears 
that modification of existing thought paradigms will be 
required for exploring the role of HSPs as longevity 
therapeutics, perhaps in combination with more 
nuanced genetic or pharmacological approaches. In 
some mitotic tissues, inhibition of HSF-1 activity or 
decreased HSP abundance may serve to combat 
malignant transformation [37]. On the other hand, this 
may be deleterious in tissues with post-mitotic cell 
populations, such as heart and the central nervous 
system [40, 41], where results generated from 
invertebrate models are more likely to be applicable in 
direct fashion, such that manipulations augmenting HSP 
activity might positively affect lifespan or certain 
disease outcomes. A good exemplar of this approach is 
the study of Li and Ren [42], in which cardiac-specific 
overexpression of IGF-I led to a small but significant 
increase in mouse lifespan, even though the anti-
apoptotic effects of this manipulation would likely have 
limited organismic survival if it were applied 
systemically or to other organ systems. Similar tissue-
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whether enhanced HSP abundance is a viable pro-
longevity strategy in mice, and indeed, cardiac tissue 
may provide a suitable domain for future investigations 
utilizing this line of attack [41, 43 - 46].   
 
ACKNOWLEDGEMENTS 
 
WRS is supported by NIA training grant T32-AG00114 
and the University of Michigan departments of 
Pathology and Geriatrics. 
 
CONFLICT OF INTERESTS STATEMENT 
 
The author of this manuscript has no conflict of 
interests to declare. 
 
REFERENCES 
 
1. Lithgow GJ, White TM, Melov S, Johnson TE. Thermotolerance 
and extended life‐span conferred by single‐gene mutations and 
induced  by  thermal  stress.  Proc  Natl  Acad  Sci  USA. 
1995;92:7540‐7544. 
2.  Lithgow  GJ,  White  TM,  Hinerfeld  DA,  Johnson  TE. 
Thermotolerance  of  a  long‐lived  mutant  of  Caenorhabditis 
elegans. J Gerontol. 1994;49:B270‐B276. 
3.  Khazaeli  AA,  Tatar  M,  Pletcher  SD,  Curtsinger  JW.  Heat‐
induced  longevity  extension  in  Drosophila.  I.  Heat  treatment, 
mortality, and thermotolerance. J Gerontol A Biol Sci Med Sci. 
1997;52:B48‐B52. 
4. Tatar M, Khazaeli AA, Curtsinger JW. Chaperoning extended 
life. Nature. 1997;390: 30. 
5.  Morrow  G,  Samson  M,  Michaud  S,  Tanguay  RM. 
Overexpression  of  the  small  mitochondrial  Hsp22  extends 
Drosophila life span and increases resistance to oxidative stress. 
FASEB J. 2004;18:598‐599. 
6.  Wang  HD,  Kazemi‐Esfarjani  P,  Benzer  S.  Multiple‐stress 
analysis  for  isolation  of  Drosophila  longevity  genes.  Proc  Natl 
Acad Sci USA. 2004;101:12610‐12615. 
7.  Liao  PC,  Lin  HY,  Yuh  CH,  Yu  LK,  Wang  HD.  The  effect  of 
neuronal  expression  of  heat  shock  proteins  26  and  27  on 
lifespan,  neurodegeneration,  and  apoptosis  in  Drosophila. 
Biochem Biophys Res Commun. 2008;376:637‐641. 
8.  Tao  D,  Lu  J,  Sun  H,  Zhao  YM,  Yuan  ZG,  Li  XX,  Huang  BQ. 
Trichostatin A extends the lifespan of Drosophila melanogaster 
by  elevating  hsp22  expression.  Acta  Biochim  Biophys  Sin 
(Shanghai). 2004;36:18‐622. 
9. Yokoyama K, Fukumoto K, Murakami T, Harada S, Hosono R, 
Wadhwa  R,  Mitsui  Y,  Ohkuma  S.  Extended  longevity  of 
Caenorhabditis elegans by knocking in extra copies of hsp70F, a 
homolog  of  mot‐2  (mortalin)/mthsp70/Grp75.  FEBS  Lett. 
2002;516:53‐57. 
10. Walker GA, Lithgow GJ. Lifespan extension in C. elegans by a 
molecular chaperone dependent upon insulin‐like signals. Aging 
Cell. 2003;2:131‐139. 
11.  Morley  JF,  Morimoto  RI.  Regulation  of  longevity  in 
Caenorhabditis  elegans  by  heat  shock  factor  and  molecular 
chaperones. Mol Biol Cell. 2004;15:657‐664. 
12. Hsu AL, Murphy CT, Kenyon C. Regulation of aging and age‐
related  disease  by  DAF‐16  and  heat‐shock  factor.  Science. 
2003;300:1142‐1145. 
13. McElwee JJ, Schuster E, Blanc E, Thomas JH, Gems D. Shared 
transcriptional signature in Caenorhabditis elegans Dauer larvae 
and long‐lived daf‐2 mutants implicates detoxification system in 
longevity assurance. J Biol Chem. 2004;279:44533‐44543. 
14. Csermely P. Chaperone overload is a possible contributor to 
'civilization diseases'. Trends Genet. 2001;17:701‐704. 
15.  Balch  WE,  Morimoto  RI,  Dillin  A,  Kelly  JW.  Adapting 
proteostasis  for  disease  intervention.  Science.  2008;319:916‐
919. 
16. Broome CS, Kayani AC, Palomero J, Dillmann WH, Mestril R, 
Jackson  MJ,  McArdle  A.  Effect  of  lifelong  overexpression  of 
HSP70  in  skeletal  muscle  on  age‐related  oxidative  stress  and 
adaptation  after  nondamaging  contractile  activity.  FASEB  J. 
2006;20:1549‐1551. 
17. Dou F, Netzer WJ, Tanemura K, Li F, Hartl FU, Takashima A, 
Gouras GK, Greengard P, Xu H. Chaperones increase association 
of  tau  protein  with  microtubules.  Proc  Natl  Acad  Sci  USA. 
2003;100:721‐726. 
18. Chung J, Nguyen AK, Henstridge DC, Holmes AG, Chan MH, 
Mesa JL, Lancaster GI, Southgate RJ, Bruce CR, Duffy SJ, Horvath 
I, Mestril R, Watt MJ, Hooper PL, Kingwell BA, Vigh L, Hevener A, 
Febbraio  MA.  HSP72  protects  against  obesity‐induced  insulin 
resistance. Proc Natl Acad Sci USA. 2008;105:1739‐1744. 
19.  Escobedo  J,  Pucci  AM,  Koh  TJ.  HSP25  protects  skeletal 
muscle  cells  against  oxidative  stress.  Free  Radic  Biol  Med. 
2004;37:1455‐1462. 
20.  Stice  JP,  Knowlton  AA.  Estrogen,  NFkappaB,  and  the  heat 
shock response. Mol Med. 2008;14:517‐527. 
21.  Piper  MD,  Selman  C,  McElwee  JJ,  Partridge  L.  Separating 
cause  from  effect:  how  does  insulin/IGF  signalling  control 
lifespan in worms, flies and mice? J Intern Med. 2008;263:179‐
191. 
22.  Walker  GA,  White  TM,  McColl  G,  Jenkins  NL,  Babich  S, 
Candido  EP,  Johnson  TE,  Lithgow  GJ.  Heat  shock  protein 
accumulation  is  upregulated  in  a  long‐lived  mutant  of 
Caenorhabditis  elegans.  J  Gerontol  A  Biol  Sci  Med  Sci. 
2001;56:B281‐B287. 
23. Halaschek‐Wiener J, Khattra JS, McKay S, Pouzyrev A, Stott 
JM, Yang GS, Holt RA, Jones SJ, Marra MA, Brooks‐Wilson AR, 
Riddle DL. Analysis of long‐lived C. elegans daf‐2 mutants using 
serial  analysis  of  gene  expression.  Genome  Res.  2005;15:603‐
615. 
24. Singh V, Aballay A. Heat‐shock transcription factor (HSF)‐1 
pathway  required  for  Caenorhabditis  elegans  immunity.  Proc 
Natl Acad Sci USA. 2006;103:13092‐13097. 
25. Berryman DE, Christiansen JS, Johannsson G, Thorner MO, 
Kopchick JJ. Role of the GH/IGF‐1 axis in lifespan and healthspan: 
lessons  from  animal  models.  Growth  Horm  IGF  Res. 
2008;18:455‐471. 
26. Salmon AB, Murakami S, Bartke A, Kopchick J, Yasumura K, 
Miller RA. Fibroblast cell lines from young adult mice of long‐
lived mutant strains are resistant to multiple forms of stress. Am 
J Physiol Endocrinol Metab. 2005;289:E23‐E29. 
27. Sousa R, Lafer EM. Keep the traffic moving: mechanism of 
the Hsp70 motor. Traffic. 2006;7:1596‐1603. 
28.  Swindell  WR,  Masternak  MM,  Kopchick  JJ,  Conover  CA, 
Bartke A, Miller RA. Endocrine regulation of heat shock protein 
 
 
www.impactaging.com                    576                                           AGING, June 2009, Vol.1 No.6mRNA  levels  in  long‐lived  dwarf  mice.  Mech  Ageing  Dev. 
2009;130:393‐400. 
29. Ganea E. Chaperone‐like activity of alpha‐crystallin and other 
small heat shock proteins. Curr Protein Pept Sci. 2001;2:205‐225. 
30. Tower J. Hsps and aging. Trends Endocrinol Metab. 2009; in 
press. 
31.  Maynard  SP,  Miller  RA.  Fibroblasts  from  long‐lived  Snell 
dwarf  mice  are  resistant  to  oxygen‐induced  in  vitro  growth 
arrest. Aging Cell. 2006;5:89‐96. 
32.  Prahlad  V,  Cornelius  T,  Morimoto  RI.  Regulation  of  the 
cellular  heat  shock  response  in  Caenorhabditis  elegans  by 
thermosensory neurons. Science. 2008;320:811‐814. 
33. Vanhooren V, Liu XE, Desmyter L, Fan YD, Vanwalleghem L, 
Van Molle W, Dewaele S, Praet M, Contreras R, Libert C, Chen C. 
Over‐expression of heat shock protein 70 in mice is associated 
with  growth  retardation,  tumor  formation,  and  early  death. 
Rejuvenation Res. 2008;11:1013‐1020. 
34. Chen HS, Shan YX, Yang TL, Lin HD, Chen JW, Lin SJ, Wang PH. 
Insulin deficiency downregulated heat shock protein 60 and IGF‐
1  receptor  signaling  in  diabetic  myocardium.  Diabetes. 
2005;54:175‐181. 
35. Boehm AK, Seth M, Mayr KG, Fortier LA. Hsp90 mediates 
insulin‐like growth factor 1 and interleukin‐1beta signaling in an 
age‐dependent  manner  in  equine  articular  chondrocytes. 
Arthritis Rheum. 2007;56:2335‐2343. 
36. Dai C, Whitesell L, Rogers AB, Lindquist S. Heat shock factor 1 
is  a  powerful  multifaceted  modifier  of  carcinogenesis.  Cell. 
2007;130:1005‐1018. 
37. Whitesell L, Lindquist S. Inhibiting the transcription factor 
HSF1  as  an  anticancer  strategy.  Expert  Opin  Ther  Targets. 
2009;13:469‐478. 
38.  Garrido  C,  Brunet  M,  Didelot  C,  Zermati  Y,  Schmitt  E, 
Kroemer  G.  Heat  shock  proteins  27  and  70:  anti‐apoptotic 
proteins  with  tumorigenic  properties.  Cell  Cycle.  2006;5:2592‐
2601. 
39.  Swindell  WR.  Comparative  analysis  of  microarray  data 
identifies common responses to caloric restriction among mouse 
tissues. Mech Ageing Dev. 2008;129:138‐153. 
40. Homma S, Jin X, Wang G, Tu N, Min J, Yanasak N, Mivechi NF. 
Demyelination, astrogliosis, and accumulation of ubiquitinated 
proteins,  hallmarks  of  CNS  disease  in  hsf1‐deficient  mice.  J 
Neurosci. 2007;27:7974‐7986. 
41. Gill C, Mestril R, Samali A. Losing heart: the role of apoptosis 
in  heart  disease‐‐a  novel  therapeutic  target?  FASEB  J. 
2002;16:135‐146. 
42. Li Q, Ren J. Influence of cardiac‐specific overexpression of 
insulin‐like  growth  factor  1  on  lifespan  and  aging‐associated 
changes  in  cardiac  intracellular  Ca2+  homeostasis,  protein 
damage  and  apoptotic  protein  expression.  Aging  Cell. 
2007;6:799‐806. 
43. Yan LJ, Christians ES, Liu L, Xiao X, Sohal RS, Benjamin IJ. 
Mouse heat shock transcription factor 1 deficiency alters cardiac 
redox  homeostasis  and  increases  mitochondrial  oxidative 
damage. EMBO J. 2002;21:5164‐5172. 
44. Martin JL, Mestril R, Hilal‐Dandan R, Brunton LL, Dillmann 
WH. Small heat shock proteins and protection against ischemic 
injury in cardiac myocytes. Circulation. 1997;96:4343‐4348. 
45.  Griffin  TM,  Valdez  TV,  Mestril  R.  Radicicol  activates  heat 
shock protein expression and cardioprotection in neonatal rat 
cardiomyocytes.  Am  J  Physiol  Heart  Circ  Physiol. 
2004;287:H1081‐H1088. 
46. Venkatakrishnan CD, Dunsmore K, Wong H, Roy S, Sen CK, 
Wani  A,  Zweier  JL,  Ilangovan  G.  HSP27  regulates  p53 
transcriptional  activity  in  doxorubicin‐treated  fibroblasts  and 
cardiac H9c2 cells: p21 upregulation and G2/M phase cell cycle 
arrest. Am J Physiol Heart Circ Physiol. 2008;294:H1736‐H1744. 
 
 
 
 
www.impactaging.com                   577                                            AGING, June 2009, Vol.1 No.6